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The study evaluated the forage productivity and water use of four leguminous grasses namely alfalfa (Medicago sativa L.), vetch (Astragalus
adsurgens Pall.), sainfoin (Onobrychis viciaefolia Scop.) and Lespedeza davurica grown in semiarid region on the Loess Plateau of China. The
experiments were conducted in the years 2001–2004 where each grass was grown on four 7 m×6 m experimental plots. The aboveground biomass
production considered the sum of dry litter and standing parts was measured every year at the end of growth season. Soil water measurements were
made from soil drill (Ø4 cm cores) every month for soil extending to a depth of 300 cm in the first and second year and up to 500 cm in the rest of the
period.
The yearly biomass production, soil water storage volume as well as its change, monthly rainfall and water consumption of each grass were
statistically analyzed. A linear correlation was used to analyze the biomass production and total water used in evapo-transpiration. Stepwise
regression was performed to evaluate the relationship between biomass production and monthly rainfall and soil water storage to explain the
differences among grasses. The analysis showed that biomass production of both the vetch and L. davurica were significantly (Pb0.05) correlated
with total precipitation of April to June while that of sainfoin and alfalfa was significantly (Pb0.05) correlated with total precipitation of the growth
season (April to October). All four grasses exhibited positive (Pb0.05) aboveground biomass production response to soil water usage, but there is
difference among. Alfalfa, vetch and sainfoin had a drying effect at a depth less than 2.0 m and consistently showed profiles with the lowest soil
water content. Profiles with the lowest soil water content also had greater herbage growth and greater depths of water extraction.
© 2006 SAAB. Published by Elsevier B.V. All rights reserved.Keywords: Biomass production; Soil water; Water use efficiency; Semiarid area on Loess Plateau1. Introduction
Forage legumes have significant roles in agriculture and they
are often integrated in the mixed farming systems to enhance crop
yield through their ability of fixing nitrogen as well as being used
for high quality feed for intensive livestock systems (Drinkwater
et al., 1998; O'Hara, 1998). For decades, perennial leguminousAbbreviations: NAPP, net aboveground primary productivity; ET, evapo-
transpiration; WUE, water-use efficiency; SWC, soil water content.
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doi:10.1016/j.sajb.2006.01.005grasses such as alfalfa (Medicago sativaL.), sainfoin (Onobrychis
viciaefolia Scop.) and vetch (Astragalus adsurgens Pall.) have
been used in China as palatable forages and widely cultivated in
diverse environments in arid and semiarid areas of northern China
(Shan and Chen, 1993; Gao et al., 2001). They also were used as
bee plants and as cover or windbreak plants to protect soil from
water or wind erosion. The vetch which is well known as a
drought- and sandstorm-tolerant legume distributed throughout
China and Mongolia in the desert as well as in some regions of
Korea, Russia and Japan was particularly important (Shan and
Chen, 1993; Gao et al., 2001). As a perennial legume, Lespedeza
davurica is a widely spread species and had been identified as a
valuable fodder grass due to high adaptability and quality in
semiarid hilly-gully region (Wang, 2003). It can be grazed directlyts reserved.
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resistant to heavy, frequent defoliation (Chen et al., 2004). Many
agronomic attributes make it an ideal legume for use as forage
grass in agricultural systems (Gu et al., 1998).
Net aboveground primary productivity (NAPP) is a funda-
mental aspect of ecosystem functioning that sets a stage for
other trophic levels. The better understanding of NAPP is es-
sential to understand the terrestrial carbon cycle, biosphere–
atmosphere interaction and response of ecosystem function to
climate change (Jian, 2004). Precipitation is the main variable
that has been used to account for variation in production in
semi-arid areas at a global, regional, landscape and individual
site level (Shan and Chen, 1993; O'Connor et al., 2001). For
individual sites, seasonal precipitation may better predict pro-
duction than annual precipitation (Smoliak, 1986). Recent
studies have confirmed that water relation variables (including
precipitation and soil moisture) are good parameters of pre-
dicting total NAPP (Briggs and Knapp, 1995).
In the semiarid area of loess hilly-gully region on the Loess
Plateau of northwestern China, water is the main limiting factor
for plant production, vegetation growth and eco-environmental
rehabilitation (Shan and Chen, 1993). Beside the annual rainfall
being relatively low and highly variable in these areas the
monthly distribution is very unreliable in which case the water
stored in the soils is of great importance to increase and stabilize
crop yields (Shan and Chen, 1993; Yang and Shao, 2000). Deep
loess on the Loess Plateau has favorable functions of storage
water and adjusting plant water requirement, which can sig-
nificantly alleviate the drought effects caused by deficiency and
poor distribution of rainfall. It is therefore important to ratio-
nally use and protect functions of these soils for the sustainable
development of agriculture in the area. This was the rationale of
setting up the experiment whose results are being presented in
this paper. The experiment results have been used in the analysis
of water consumption characteristics and effects of different
leguminous grasses on soil moisture.
Considerable researches about biomass production and water
use characteristics in different regions in semiarid loess hilly-
gully area have been recorded for alfalfa, vetch, sainfoin and the
wild pasture grass L. davurica. Most of these researches are
about species-specific or intra-specific comparison (Shan and
Chen, 1993). However, there is a dearth of directly comparative
information on the annual biomass production and seasonal soil
water use patterns of the four leguminous grasses to enable
predictions and management. One step toward filling this gap is
proper knowledge of comparative water use efficiency (WUE)
and the effects of seasonal rainfall in biomass production of
these grasses. This will particularly be useful in understanding
the forage production and especially how total NAPP can be
predicted in light of forecasted climate changes, rainfall patterns
as well as soil water condition. This information is useful in
water management planning and scenarios development in
agricultural production (Clifton-Brown and Lewandowski,
2000; Mueller et al., 2005).
In the light of the foregoing, it is clear that the comparison of
leguminous grass production could reduce the gap in our know-
ledge of the past dynamics, understanding the response ofdifferent plants to future climate change in loess hilly-gully
region, and delivering the basic reference for artificial grasslands
management plan, such as developing irrigation in artificial
grasslands development and rotation cycle in farmland. Thus,
the objective of the experiment was to compare biomass pro-
duction and soil water use of the four leguminous grasses, and to
compare the extent to which rainfall pattern and soil water
content affects their production. The results of the experiment
were used in quantifying the effects of environmental variables
especially seasonal distribution of rainfall on annual biomass
production which is important in the production prediction and
management of the grasses.
2. Materials and methods
2.1. Study site characterization
Field studies were conducted in the lowland farmland at
Ansai Research Station (ARS) of Chinese Academy of Science
(CAS) located at grid reference 36°51′30ʺN, 109°19′23ʺE and
altitude 1068 a.s.l. in 2001–2004. The annual mean precipita-
tion of the area is 537.7 mm (1951–2000), which occurs
primarily in July to September. The climate is temperate mid-
continental, with lowest monthly mean temperature of −6.9 °C
in January and the highest monthly mean temperature of
22.6 °C in July. The annual average temperature is 8.8 °C and
annual cumulative temperature above 10 °C between 3100 and
3200 °C.
It is at the center of hilly-gully region on the Loess Plateau.
The soil type as well as the climate and vegetation are all in the
transition zone. The soils are loam of loess origin to sandy loess
soil and climate is semi-humid to semi-arid of warm tem-
perature zone while forest-steppe eco-zone of warm temperature
zonal broad deciduous forest to steppe (Liu et al., 2003).
The area also experiences serious soil erosion as a result of
human activities and unfavorable land-use. Generally the veg-
etation in the area is sparse and this makes it a suitable area to
carryout research and demonstration on soil and water con-
servation as well as ecological rehabilitation (Liu et al., 2003;
Ichizen et al., 2005).
2.2. Plant materials
The study site was on a lowland loess soil previously planted
with apple trees (Malus domestica) between 1992 and 1997.
The growing of apple was stopped in October 1997. The field
was prepared for this experiment in late autumn of 2000 where
the remaining apple plants were removed and it was left fallow
for winter moisture accumulation. Sixteen experiment plots of
7 m×6 m were established with a 15 cm distance between the
plots. To control the lateral subsurface flow of water, each plot
was surrounded with a 50 mm thick concrete wall to a depth of
3 m while the surface runoff from the plots was prevented using
an embankment strip on each plot that was 150 mm above the
planting surface and 150 mm wide. Fertilizers N, P and K were
applied as the plots were being ploughed. The totals applied
were N (60 kg h m−2), P (45 kg h m−2), and K (45 kg h m−2)
Fig. 1. Monthly rainfall distribution in each experimented year and 50-year
(1951–2000) mean.
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the area (Shan and Chen, 1993).
The planting was done in early May of 2001, where four
leguminous forage grass species, alfalfa (M. sativa L.), vetch (A.
adsurgens Pall, Super early milkvetch (cv)), L. davurica and
sainfoin (O. viciaefolia Scop) were sowed. Each grass was sowed
as monoculture on four experiment plots and the row spacing was
put at 30 cm while rows orientation was east to west. All grass
seeds were collected from local farmland in ARS in 1998–2000.
The seeding rates and methods of sowing each of the grass were
according to the recommendation for the region (Shan and Chen,
1993). Seed rate was 15 kg ha−1 of each grass in the
monoculture. The seed germination ratio measured as detailed
in Scott et al. (1984) were all above 95% within 7 days. The field
management such as wild grass removing and cultivation was
conducted according to the methods used in farmland during the
experiment. During the experimental period (4 years), there was
no irrigation or any other form of water supplement.
2.3. Measurements
Aboveground biomass production measurements were taken
every year at the end of growth season and were determined by
cutting the plants with hand-held shears to ground level from
50 cm×50 cm quadrant. For each grass, the measurement was
made on three plots (three replicates). The selection of the plot
for sampling was random but none of the plots was sampled for
aboveground or belowground biomass twice.
The materials of each grass (litter and standing parts) were
separated by hand immediately after harvest and were first dried
at 105 °C for 5 min to stop any further metabolic processes of
the plant material and then further dried at 65 °C for 48 h to
determine dry matter. Total aboveground biomass was consid-
ered the sum of dry litter and standing parts. The performance of
each grass species was observed continuously for 4 years from
2001 to 2004.
Soil water measurements were made from soil drill (Ø4 cm
cores) every month. The measurements were made for soil
extending to a depth of 300 in the first and second year and up to
500 cm in the rest of the period. The soil moisture content was
determined from the analysis of soil gravimetric water content
where soil sample was dried at 105 °C for 24 h.
Soil bulk density is 1.1 g cm−3 for 0–20 cm soil depth and
1.3 g cm−3 for below 20 cm, respectively (Shan and Chen, 1993;
Yang and Shao, 2000). Because there were no runoff and
subsurface drainage in the lowland farmland, they are not con-
sidered in calculation of evapo-transpiration (ET, mm). Con-
sidering the initiation and development of grasslands (Shan and
Chen, 1993), the soil water content (SWC) changes in 2001 and
2002was based on the calculation of 3m soil layer, while in 2003
and 2004 extended to 5 m. Rainfall was monitored at a weather
station situated about 100 m from the experimental fields.
2.4. Calculation of water use efficiency
Water-use efficiency (WUE) can be defined in different ways
and in this paper the agronomic or crop WUE has been used,which is defined as the amount of biomass produced per unit
volume of water evapo-transpired (Fuentes et al., 2003). The
ratio was expressed as kilograms of forage yield per hectare per
mm of water as ET (Puppala et al., 2005).
2.5. Statistical analysis
The yearly biomass production, soil water storage volume as
well as its change, monthly rainfall and water consumption of
each grass were statistically analyzed with MINITAB 13.1.
Differences among the grasses in biomass production, WUE
and water consumption were tested using one-way ANOVA. A
linear correlation was used to analyze the biomass production
and total water evapo-transpired. Stepwise regression was per-
formed to evaluate the relationship between biomass production
and monthly rainfall and soil water storage to explain the dif-
ferences among grasses.
3. Results
3.1. Year and rainfall pattern
The long-term (1951–2000) average annual rainfall for the
site is 537.7 mm, while annual rainfall recorded during 2001,
2002, 2003 and 2004 was 515.2 mm, 541.1 mm, 577.8 mm and
509.1 mm, respectively. In the area, rainfall of the grass growth
season from April to October accounts for 85–95% of year
total, and July to September accounts for 60–80%, which is
always considered the rainy season (Chen et al., 2002). In the
experiment period, rainfall of the growth season accounted for
93.01%, 94.17%, 89.32% and 97.17% of 2001–2004 annual
rainfall, respectively, and July to September accounted for
68.15%, 40.88%, 59.48% and 72.94%, respectively (Fig. 1).
For the period 1951–2000 rainfall contribution for the two
periods averaged at 93.30% and 60.48%, respectively. The
rainfall amount and pattern, during rainy seasons of 2002 and
2003 was lower than 50-year average, and in 2003 rainfall
during growth season was higher than 50-year mean. During the
Table 1
Aboveground biomass production of each leguminous grass in 2001–2004
(kg h m−2)⁎
Year A. adsurgens O. viciaefolia M. sativa L. davurica
2001 3570.6 b (d) 3327.8 c (d) 4425.1 a (d) 2088.9 d (d)
2002 18239.3 a (a) 13683.9 b (a) 10132.2 c (a) 4996.6 d (a)
2003 13555 a (b) 8749.0 b (b) 8323.3 c (c) 4584.1d (b)
2004 11373.3 a (c) 9235.7 b (c) 9200.0 b (b) 4323.4 c (c)
4-year mean 11684.6 a 8749.1 b 8020.2 c 3923.3 d
S.E.M. 3060.5 2120.9 1254 651.4
⁎ Values within a row followed by different small letters are significantly
different (Pb0.05), and values within a column with different small letters in
bracket are also significantly different (Pb0.05). S.E.M. means standard error of
mean.
Fig. 2. Relation between yearly aboveground biomass production (Y) and
water consumption (X) of the four grasses in 2001–2004 (• A. adsurgens; ○
O. viciaefolia; ▴ M. sativa; ▵ L. davurica).
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were July and August, but in 2001 and 2003 this occurred in
August and September while, in 2002 and 2004 it occurred in
June and July.
3.2. Biomass production and water use efficiency
Biomass production of each grassland was highest (Pb0.05)
in 2002 during the 4-year experiment (Table 1). In 2001, alfalfa
had the biggest aboveground biomass of the four grasslands, but
vetch had the highest biomass in the following 3 years (Pb0.05).
In each year the biomass of L. davuricawas the lowest among the
four grasslands. The biomass production in a descending order for
the 4-year mean was vetch (11684.6 kg h m−2), sainfoin
(8749.1 kg h m−2), alfalfa (8020.2 kg h m−2), L. davurica
(3923.3 kg h m−2). In 2001, vetch and sainfoin and in 2003
sainfoin and alfalfa were significantly different at Pb0.05. In all
the cases, the difference in annual biomass production between
grasses was significantly different at Pb0.01.
The WUE of the four grasslands showed similar trend to the
biomass production in the 4 years (Table 2). Alfalfa had the
highest WUE among the 4 grasses in 2001, but vetch was the
highest in the latter 3 years, and L. davurica in the 4
experiment-years was the lowest. In 2004, WUE of alfalfa
was significantly higher than sainfoin, and in 2002 and 2003
sainfoin was significantly higher than alfalfa (Pb0.05). In each
year, except 2003 in which sainfoin was significantly higher
than alfalfa (Pb0.05), all the others difference in each year was
highly significant (Pb0.01) (Table 2). Since there was no greatTable 2
Water use efficiency of each leguminous grass in 2001–2004 (kg h m−2 mm−1)⁎
Year A. adsurgens O. viciaefolia M. sativa L. davurica
2001 11.67 b (c) 9.74 c (d) 13.83 a (c) 7.87 d (d)
2002 28.87 a (a) 22.55 b (a) 16.03 c (b) 9.01 d (b)
2003 28.02 a (a) 18.71 b (b) 17.70 c (a) 10.18 d (a)
2004 21.91 a (b) 17.04 c (c) 17.70 b (a) 8.45 d (c)
4-year mean 22.62 a 17.01 b 16.32 b 8.88 c
S.E.M. 4.0 2.7 0.9 0.5
⁎ Values within a row followed by different letters are significantly different
(Pb0.05), and values within a column with different small letters in bracket are
also significantly different (Pb0.05). S.E.M. means standard error of mean.difference in water consumption between sainfoin and alfalfa
(Table 6), the significant higher WUE of sainfoin was the result
of higher biomass. The very low WUE of L. davurica was due
to extremely low biomass, whilst the water consumption was
also very high. Reversely, vetch had extremely high biomass
production, whilst the water consumption was the lowest 4-year
averaged, which induced to the highest WUE.
The regression analysis of WUE indicated a significant linear
correlation with biomass production at Pb0.001 and grass
biomass production increased with ET (Fig. 2). The general trend
(for all species together) shows a common trend: more water
consumption parallels more biomass, but the domains show that
the water consumption and biomass vary from year to year and all
4 species are following this yearly climatic changes (all 4 species
remain in a well separated domain) (Fig. 2). On average the
increase of ET by 1mm increased yield by 29.83 kg hm−2 for the
four grasses. However, there is difference among them, where the
average increase was 43.85 kg h m−2 for vetch, 36.21 kg h m−2
for sainfoin, 9.79 kg hm−2 forL. davurica and 18.47 kg hm−2 for
alfalfa.Fig. 3. Yearly soil gravimetricmoisture content dynamics of each grass in 2001–2004
(the capital letter S and E in abscissa referenced to the start and end of growth seasons
in each year, same in Fig. 4).
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0–3 m soil gravimetric water change dynamics during
2001–2004 is presented in Fig. 3. In 2001, soil water content
of the four grasslands increased significantly (Pb0.05), after
growth season. The 3-m average soil gravimetric water content
was 10.23%, 9.41%, 11.36% and 9.78% for vetch, sainfoin, L.
davurica and alfalfa, respectively, which was higher than the
initial water content by 58%, 45%, 75% and 51% for the four
grasses, respectively. In the growth season of 2002, 3-m soil
depth soil water content of the four grasses decreased signi-Fig. 4. Soil moisture profiles at the start and eficantly, when compared with the one at the start of the season.
The decrease of the gravimetric soil water was about 30%, 26%,
11% and 33% for vetch, sainfoin, L. davurica and alfalfa,
respectively. However, in 2003, soil water content had increased
at the end of growth season and except of L. davurica, whose
increase was only 9%, the increase was significant at 46%, 51%
and 61% for vetch, sainfoin and alfalfa, respectively, and was
similar to that of 2001. During winter seasons, soil water content
in all plots decreased by between 3% and 15% except in 2001
when vetch increased by 1.56% and in 2003 when L. davurica
increased 6.10%. During 2004 growth season, 3-m soil water ofnd of each growth season in 2001–2004.
Fig. 4 (continued ).
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decreased, but not significantly (PN0.05). L. davurica consis-
tently displayed relatively higher values of profile soil water
content, and alfalfa was the lowest since 2002. Vetch was higher
in mean soil water content than sainfoin before the end of 2003,
but that of sainfoin was higher at the end of 2004.The
corresponding measures of alfalfa and sainfoin were not
significantly different (PN0.05) (Fig. 3).
From the yearly change in soil profile of each grass (Fig. 4), it
was observed that the main soil water change layer was 0–2 m.
The soil water content at the start of the cropping season gen-erally increased with depth between 10 and 50 cm and decreased
with depth between 50 and 180–200 cm. It was then relatively
stable or increased slightly to a depth of 300 or 500 cm.
After the first growth season in 2001, the soil water content and
distribution profiles for the four grasses were significantly
different. In all case the 3.0 m and especially at 2.0 m soil depth
content increased by a large proportion compared to the one in the
month of May just before seeding (Fig. 4). The recharge volume
was all above 100 mm of 3 m soil depth. The recharge for L.
davurica was highest (188.44 mm) and sainfoin was the lowest
(111.88 mm). It was also observed that the 3 m or 5 m averaged
Table 3
Soil water change of each grass during total growth seasons in 2001–2004 (mm)⁎
Year A. adsurgens O. viciaefolia M. sativa L. davurica
2001 305.9 b (a) 341.82 a (a) 319.92 a (a) 265.26 c (a)
2002 631.75 a (d) 606.92 b (d) 632.13 a (d) 554.39 c (d)
2003 483.73 a (c) 467.6 a (c) 470.27 a (c) 450.34 b (c)
2004 519.08 b (b) 541.85 a (b) 519.92 b (b) 511.67 c (b)
4-year mean 485.1 a 489.5 a 485.6 a 445.4 b
S.E.M. 67.6 56.9 64.8 63.7
⁎ Values within a row followed by different letters are significantly different
(Pb0.05), and values within a column with different small letters in bracket are
also significantly different (Pb0.05). S.E.M. means standard error of mean.
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season for all grasses, mainly because of the high precipitation
and the seasonal lag to September and low usage (Fig. 1). In that
year, the recharge volume of soil water storage was between 60
and 100 mm, and increment in soil water storage of L. davurica
was the highest (96.86mm), and the lowestwas vetch (64.37mm)
after growth season of 5 m soil depth (Table 3).
In every measure, the soil water distribution curves of alfalfa,
vetch and sainfoin were similar, but L. davurica had virtually
different soil moisture distribution with the former (Fig. 4). The
water consumption amounted to 300–600 mm during the veg-
etation except for vetch and L. davurica in 2001. In 2002 and
2004 vetch consumed 20–130 mm of soil water, sainfoin 40–
100 mm, L. davurica 10–50 mm and alfalfa 20–130 mm. As
shown in Fig. 3, the deep and big rooting and high aboveground
coverage of sainfoin had a significant delay in soil water re-
charge, since it is first using the available soil water of the root
zone after 2001 growth season terminated. Later, though the
sainfoin was in the stage of using soil water deeply, some
recharge occurred to compensate the exhausted soil water stor-
age, such as the growth seasons in 2001 and 2004 and the fallow
season during 2002–2003.
3.4. Relations between biomass and seasonal rainfall and soil
water storage
Aboveground biomass productions (Table 1) were positively
correlated with monthly precipitation and soil water storageTable 4
The regression equations illustrating the relationship between monthly rainfall,
soil water storage before growth season (Xi, i=1–14) and biomass yield (Y) of
each leguminous grass
Grass Equation r2 P
A. adsurgens Y=−6057.98+24.47X6+
138.10X9
0.9996 0.0197
O. viciaefolia Y=−6383.25+10.71X5+
65.02X10
0.9953 0.0483
M. sativa Y=−6186.10+8.91X2+
19.52X6
0.9977 0.0481
L. davurica Y=145.06+5.15X6+
22.07X9
0.9990 0.0324
Note: X1—soil water storage before growth season, X2—rainfall of growth
season during Apr.–Oct., X3—rainfall Jul.–Sep., X4—rainfall during Apr.–Jun.,
X5—sum of X1 and X2, X6—sum of X1 and X4, X7—sum of X1 and X3, X8 to X14
represent monthly rainfall of Apr. to Oct., respectively.before growth began (Table 4). Stepwise regression of biomass
production against climate parameters of monthly precipitation,
seasonal precipitation and soil water storage showed they were
significantly correlated. The results indicated that soil water
storage before growth started and rainfall between April to June
and especially in May were critical factors to the annual bio-
mass production of vetch and L. davurica. The soil water
storage before the start of growth season and rainfall between
April to October and especially in June were critical factors to
the annual biomass production of sainfoin. In the case of alfalfa,
soil water storage before the growth season start and rainfall
during growth season especially the 3 months of April to June
were critical factors to the annual biomass production of alfalfa.
4. Discussion
4.1. Aboveground biomass production
Primary production is affected by many factors, drought
being an important one and it often have severe negative effects
(Haddad et al., 2002). The types of crop or vegetation have also
different adaptability to the water availability within the soil
profile (Mueller et al., 2005). Although inter-annual variations
in peak biomass of the grasses were strongly correlated with
environmental variables related to water availability, there were
similar relationships for forbs (Table 4), but peak grass biomass
responded to inter-annual variations in climate in different ways
(Table 1; Fig. 2). (Briggs and Knapp, 1995). Haddad et al.
(2002) found that severe perturbation caused by drought led to
9 years of oscillations in net aboveground primary productivity
(NAPP) of natural grasslands. Oscillations in productivity also
have been reported in field alfalfa and crop population dy-
namics on Loess Plateau (Li, 2001, 2002). They all ascribed the
long-term impacts of severe weather events. But the internal
mechanisms to drive the oscillatory dynamics of plant pro-
duction following disturbance remained unsolved (Haddad
et al., 2002). Productivity stability is one important aspect of
ecosystem functions to perturbation resistant (Caldeira et al.,
2005), so native grass L. davurica was the best one to the
environment because its standard error of 4-year productivity
mean was the lowest of the four leguminous grasses (Table 1).Table 5
The relative value of 4-year averaged aboveground biomass and water use
efficiency of each grass
Grass A.
adsurgens
O.
viciaefolia
M.
sativa
L.
davurica
Average
4-year averaged
aboveground
biomass (AB)
11684.6 8749.1 8020.2 3923.3 8094.3
Relative value
(AB/ABaverage)
(1.44) (1.08) (0.99) (0.48) (1.00)
4-year averaged
water use
efficiency (WUE)
22.62 17.01 16.32 8.88 16.21
Relative value
(WUE/WUEaverage)
(1.40) (1.05) (1.01) (0.5) (1.00)
Fig. 5. The relationship between WUE/WUEaverage and AB/ABaverage of the four
grasses according to Table 5.
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The soil water storage capacity is defined as the total amount
of water that is stored in the soil within the plant's root zone
(Bullied and Entz, 1999). A deeper rooting depth means there is
a larger volume of water stored in the soil and therefore a larger
reservoir of water for the crop to draw upon between rainfalls.
As irrigation water resources are scarce, crops with rooting
ability to exploit deep soil moisture is one of physiological
factors that affect drought tolerance (Bullied and Entz, 1999).
Deep taproot system of leguminous grasses enhanced the
chances of survival in the dry habitats and seasons, but because
of high water demand, leguminous crops tend to dry soil and
reduce water available (Bullied and Entz, 1999). Increased in
depth of water extraction by alfalfa, vetch and sainfoin beyond
2.0 m soil depth indicated that they tended to dry deep soil, and
the resulting deficit at that depth was maintained throughout the
remainder of the experiment (Fig. 4). This “mining” of soil
water reserves would decrease potential production because
after using up historic soil water reserves, the crop plants would
dependent upon in-crop rainfall alone (Lolicato, 2000). The
phenomena of greater soil water depletion by alfalfa, vetch andTable 6
The ranking of the four grasses based on biomass production, WUE, SWC and rela
biomass yield
Grass Ranking 1
AB①⁎ WUE② SWC③
1/P (1/Y1)
A. adsurgens 1 1 1 to 3
avg 2
1 1 to 3
avg 2O. viciaefolia 2 2 1 to 3
avg 2M. sativa 3 3
L. davurica 4 4 4 4
⁎ The ranking 1 to 4 of each grass in① to③ columns is based on its respectiv
⁎⁎ The values P, Y1, Y2 and Y3 are from equation Y=Y1+Y2Xa+Y3Xb and signif
⁎⁎⁎ Ranking points show the sum of ranking point in① to④ of each grass. For th
equation in Table 4, so the number 1 means the best but 4 the worst, and so on.sainfoin than by annual crops have been observed in both
semiarid and sub-humid environments (Shan and Chen, 1993;
Li, 2001, 2002). Soil moisture is controlled by complex
interactions involving soil, plants, and climate (Puma et al.,
2005). Grassland with a higher amount of green leaf and
herbage mass would be expect to have higher transpiration
because of their greater leaf area and, conversely lower bare soil
evaporation as a result of higher ground cover (Lolicato, 2000;
Murphy et al., 2004). Managing pasture structure and litter mass
to minimize evaporative losses might conserve soil water
following rainfall, enabling plants to use it or transpiration and
growth (Murphy et al., 2004). The experimental data demon-
strated that the soil water in each depth of L. davurica varied,
which mainly was because of its low production and coverage
(Shan and Chen, 1993; Yang and Shao, 2000).
4.3. Magnitude and variability of water use efficiency
WUEmay vary in space and time, and is influenced by crops,
soil conditions, agricultural practices including fertilization and
atmospheric factors (Hatfield et al., 2001; Fuentes et al., 2003;
Mueller et al., 2005). In water-limited environments, plant
productivity in them often increases linearly with mean annual
precipitation or actual ET (Chong et al., 1993). Our findings
confirmed results of Mueller et al. (2005) and others who found
linear correlations between biomass and ET of different grasses.
WUE was a reliable indicator of crop matter production related
to water consumption. In general, highest WUE occurred with
highest biomass, but was plant-specific (Table 5; Fig. 5). Thus,
the water condition and the corresponding cropping regime were
most important. The stochastic course of weather from April to
June had a crucial effect on grass development and WUE and
may explain the large variability of data. Vetch had significantly
higher WUE than sainfoin, alfalfa and L. davurica. It was the
most productive crop, producing the highest biomass and having
the highest WUE. This was due to higher biomass but no
excessive ET. Possible causes for this is the effective leaf water
use in different seasons. Therefore, high soil use ability and great
WUE may be reasons for it to grow well in diverse and drought
environments throughout the world (Shan and Chen, 1993; Gao
et al., 2001). Vetch showed only slightly increased ETandWUE
with higher biomass, whilst L. davurica required much moretionship between monthly rainfall, soil water storage before growth season and
to 4 of the four grasses
Table 4⁎⁎ Ranking
points⁎⁎⁎
Y2 Y3 (1/P)+(1/Y1)+Y2+Y3 Table 4 ④
1 1 5 1 5
2 2 8 2 8
3 3 to 4
avg 3.5
10.5 3 11
4 13.5 4 16
e value magnitude in Tables 1, 2 and Fig. 3.
icance (P) in Table 4.
e ranking, the best is the grass with the biggest value in AB, WUE, SWC and the
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semiarid environment in loess hilly-gully region remained to be
solved (Table 5; Figs. 2 and 5).
4.4. Biomass as influenced by soil water and seasonal rainfall
Adequate soil moisture is essential for maximum biomass
production (Table 4; Fig. 3). Different stages of plant de-
velopment have varying degrees of sensitivity to moisture def-
icit, so attempting to avoid water deficits during stages when it
impacts most negatively on yield is a good crop management
decision (Puppala et al., 2005). Other results indicate that with
limited irrigation, it may be beneficial to the crop with respect to
specific developmental stages when the crop is most sensitive to
water deficits (Nageswara Rao et al., 1985; Kumar et al., 1994;
Lopez et al., 1996; Nam et al., 1998). Water-saving irrigation
has tended to favor crop yield as well as grass production, and
now it is understood and accepted especially in semiarid area,
and knowing the key stage in grass growth and biomass pro-
duction is very important aspects in developing irrigation with
limited water supply. Our results showed that annual biomass
production of leguminous grasses was by and large influenced
by soil water storage and seasonal rainfall (Table 4). Conse-
quently, either a high soil water storage capacity or additional
recharge in fallow season was very important for improving
productivity for legumes (Shan and Chen, 1993).
In dryland areas, post-harvest and over-winter precipitation is
important for recharging the soil profile with water, especially in
continuous cropping systems. In semi-arid and dry sub-humid
areas, evaporation from the soil surface can account for 30–60%
of the annual rainfall (Cooper et al., 1983). Practices that in-
crease water capture andminimize water loss by evaporation are,
therefore, important. Capturing and storing fall and over-winter
precipitation is especially important in leguminous crop such as
alfalfa systems, where soil often is drier (Bullied and Entz,
1999). In the temperate but relatively dry region of northwest
China, the ETconsiderably exceeded the available rainfall in the
vegetation period (Ichizen et al., 2005). So keep soil with high
water content especially the fallow seasons are important to
leguminous grass production. Besides reducing soil evaporation
during fallow seasons, rational irrigation during the growth
season especially after the turning green stage during April to
June would be beneficial to annual biomass output. One ex-
ception was alfalfa, its biomass production was correlated to soil
water content and total rainfall during the growth season of each
month, meaning it could be irrigated to maintain high pro-
ductivity in semi-arid regions (Gault et al., 1995).
4.5. Control the leguminous grass meadows with moderate
productivity
Water is the most limiting factor affecting crop production in
the semiarid hilly-gully region due to the scarcity and distri-
bution of rainfall. The common point of agricultural develop-
ment and eco-environmental rehabilitation is to improve plant
productivity, but there exist contradiction between water capac-
ity and productivity enhancement. Because rainfall and soilwater were the two main and basic sources for plant growth, the
productivity should be moderately developed to protect soil
adjustment ability in water supply (Shan and Chen, 1993; Li,
2001, 2002). The approaches include controlling perennial
plants growth years, reducing plantation intensity and choosing
plant type that have a certain biomass production (Li, 2001,
2002). In alfalfa, Shan and Chen (1993) reported that it should
be terminated artificially after 4-year growth to maintain soil
water for the following crops or put it into rotation with crops,
and Bullied and Entz (1999) pointed that terminating alfalfa
growth after phase growth could enhance soil water recharge. Li
(2001, 2002) reported not only alfalfa but crops such as winter
wheat would induce drying of deep soil under high yield in
semiarid Loess Plateau, he pointed out that the production of
meadows such as alfalfa should be maintained at moderate level,
and the mainmeasures to regulate grassland production included
reducing densities, shortening growing years and intercropping
with herbaceous grasses. We ranked the four grasses based on
the integration of aboveground biomass production (Table 1),
water use efficiency (Table 2), soil water consumption (Table 3)
and biomass reaction to seasonal rainfall and soil water storage
(Table 4), and found that vetch was the biggest one in production
and water use, but L. davurica was the lowest (Table 6), which
showed vetch had the highest risk in drying soil water also its
biomass was the biggest, and then sainfoin, alfalfa and L.
davurica. Although production of L. davurica was the lowest,
but its soil water could be recharged after seasonal rainfall. So
maintaining moderate biomass production is important in
sustainable development in soil water capacity especially for
deep-root leguminous grasses in the area.
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